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We have studied the effects of remote hydrogen plasma treatment on the defect characteristics in
single crystal ZnO. Temperature-dependent 共9–300 K兲 and excitation intensity-dependent
photoluminescence spectra reveal that H-plasma exposure of ZnO effectively suppresses the
free-exciton transition and redistributes intensities in the bound-exciton line set and two-electron
satellites with their phonon replicas. The resultant spectra after hydrogenation exhibit a relative
increase in intensity of the I 4 共3.363 eV兲 peak, thought to be related to a neutral donor bound
exciton, and a peak feature at 3.366 eV with a distinctly small thermal activation energy.
Hydrogenation also produces a violet 100 meV wide peak centered at ⬃3.15 eV. Remote plasma
hydrogenation yields similar changes in room-temperature depth-dependent cathodoluminescence
spectra: the emission intensity increases with hydrogenation mostly in the violet and near-ultraviolet
range. Subsequent annealing at 450 °C within the same plasma environment completely restores
both the photoluminescence and cathodoluminescence spectra in the subband gap range. The
appearance of another bound-exciton feature at 3.366 eV and a relative intensity increase of the
donor-bound exciton at line I 4 with H-plasma exposure, and the reversibility with annealing of the
spectral changes, indicate a direct link between hydrogen indiffusion and appearance of a shallow
donor. © 2003 American Institute of Physics. 关DOI: 10.1063/1.1606859兴

I. INTRODUCTION

typically a common impurity in ZnO because it is involved
in nearly all growth processes of ZnO 关vapor phase transport,
hydrothermal, metalorganic chemical vapor deposition兴.
Also, hydrogen is most probably a fast-diffusing species in
ZnO.7,13 A number of authors have suggested mechanisms of
hydrogen influence on ZnO characteristics, e.g., passivation
of deep defects by electron transfer7–11,14 or creation of a
shallow donor because it is nonamphoteric.14 –22 The latter
aspect is attracting special attention lately in the collective
effort to elucidate and engineer the conductivity type of the
material.
There have been several studies of hydrogen processing
of ZnO, and most have involved a direct hydrogen
plasma.7–11 As a rule, this means that there is a direct contact
of the plasma flame with the sample surface. This approach
does not allow a thorough control of the surface temperature
because when the sample is in an H-plasma sheath, the temperature is determined by the plasma interior, which makes it
difficult to differentiate between thermally and chemically
driven changes. To avoid this complication, in our studies we
have used a remote plasma processing method. It allows a

ZnO has emerged as a promising semiconductor material
for optoelectronic and high-temperature, high power microelectronics; yet its electrically active defect properties are
relatively unexplored.1 Hydrogen-related defects have attracted significant attention recently because of their potential for tailoring ZnO properties. Today there is substantial
experimental evidence that hydrogen affects ZnO in several
ways, including the modification of electrical and optoelectronic properties, and the passivation of deep levels. For example, it was shown that hydrogen improves conductivity2– 6
and increases the free electron concentration of ZnO.7 Also,
there were several reports demonstrating that hydrogen
plasma treatment strongly passivates the green emission and
enhances the band edge luminescence.8 –11 Finally, there have
been suggestions that hydrogen may be an important player
in achieving a p-type ZnO.12 It is known that hydrogen is
a兲
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separate control and measurement of the temperature and
pressure at the free surface of the specimen.
In this article we present findings on the influence of
remote hydrogen plasma processing on single-crystalline
ZnO.
II. EXPERIMENTAL DETAILS

The ZnO samples studied here were cleaved from a
nominally undoped single crystalline wafer grown by chemical vapor transport at Eagle–Picher Technologies and cut and
polished normal to the c axis.23 Typical values of the resistivity, carrier mobility, and free electron concentration for
this material were previously measured to be  ⫽0.5 ⍀ cm,
 ⫽200 cm2 /V, and n⫽6⫻1016 cm⫺3 , respectively.
In our experimental setup,24 a high-grade hydrogen gas
was supplied into a vacuum chamber from a Parker–Balston
hydrogen generator through a needle leak-valve and a quartz
tube inductively coupled with an Advanced Energy RFX-600
radio-frequency generator. The plasma flame inside the
quartz tube was controlled by the flow rate and pressure of
the gas and the power supplied by the rf generator. The hydrogen flow rate, the gate valve on the turbo pump, and the
turbo pump speed determined the amount of plasma leaking
into the chamber. We employed a remote H plasma with the
following parameters: 10 mTorr of pressure and 30 W of
power supplied by the rf generator. The samples were placed
⬃20 cm downstream from the plasma-generating coil, on a
stage wired to perform in situ annealing. In our experiments,
annealing was rendered in the remote hydrogen plasma environment. We chose this approach in order to eliminate the
possibility that plasma-induced impurities diffuse into the
sample. In our plasma chamber, the samples are not shielded
by a nonmetallic cover. The walls of the chamber and the
sample holder may potentially exchange atoms with the surface of the sample since the remote plasma fills the entire
chamber. If such species were to contaminate our surface as
a result, their outdiffusion into the plasma ambient would be
less likely than in a high-vacuum environment. Therefore,
annealing of the H-plasma-exposed sample in the presence of
the same plasma should promote outdiffusion of H rather
than any other impurity.
A Kimmon IK HeCd laser with a wavelength of 325 nm
was used to excite photoluminescence 共PL兲. In the PL experiments, the sample was mounted inside an evacuated cryostat having a temperature range between 9 and 300 K. A
variable frequency chopper was employed to provide the reference signal. The cathodoluminescence 共CL兲 experiments
were performed in an ultrahigh vacuum chamber adjoining
the processing chamber, where the hydrogenation was performed. An electron beam of variable energy and flux was
electronically chopped. A more detailed description of the
CL experimental apparatus appears elsewhere.25 A Carl Leiss
single-flint-prism monochromator dispersed the CL intensity
for spectral analysis. The PL signal was probed by an Oriel257 grating monochromator having a spectral resolution of
⬃0.1 nm. The CL and PL were detected by an S-20 photodetector connected to a Stanford Research lock-in amplifier.
A Digital Instruments microprobe provided atomic force mi-

FIG. 1. AFM images of the Zn polar surfaces: 共a兲 The smooth 共rms roughness of ⬃0.2 nm) as-received surface reveals a periodic ledge structure
probably due to a slightly misaligned plane of polishing. 共b兲 The surface
processed by the remote hydrogen plasma at room temperature is covered
with shallow micropits (⬃20 nm deep and ⬃200 nm in diameter兲. The
roughness of the surface between the pits is not significantly changed by
hydrogenation.

croscopy 共AFM兲 images. Prior to every step, we cleaned the
samples with a standard sequence of organic solvents. All
surface processing and characterization routines were performed on the Zn polar surface of the specimens.

III. RESULTS AND DISCUSSION
A. AFM results

Figure 1共a兲 shows an AFM scan for the as-received polar
Zn surface. The surface appears very smooth, with a rms
roughness of ⬃0.2 nm. The periodic ledge structure is probably the result of a slightly tilted polishing plane. A typical
top-to-bottom dimension of a single ledge is of order of 1
nm. In Fig. 1共b兲, we display an AFM image of the Zn polar
surface processed by the remote hydrogen plasma at room
temperature. The surface is covered with micropits ⬃20 nm
deep and ⬃200 nm in diameter. Despite their dark appearance in the AFM image, those pits are rather shallow. The
roughness of the surface between the pits is not significantly
altered although the ledge structure is no longer observable.
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FIG. 3. Low-temperature PL in near-band edge region, T⫽9 K, incident
power⫽0.1 W/cm2 . 共Solid line兲 As-received sample. Well-known bound
共e.g., I 4 and I 8 ) and free exciton (B band兲 transitions are observed. 共Dashed
line兲 After room temperature remote plasma hydrogenation, the free exciton
recombination is suppressed, the intensities in the bound exciton region are
redistributed and a 3.366 eV peak is added.

FIG. 2. PL results in the violet/UV spectral region, T⫽10 K, incident
power⫽10 mW/cm2 . 共Curve 1兲 The as-received sample shows well-known
transitions such as free excitons 共FEx兲, bound excitons 共BEx兲, two-electron
satellites 共TES兲, and their phonon replicas. 共Curve 2兲 Remote plasma hydrogenation at room temperature lowers the BEx emission, significantly reduces the TES and replicas, and creates a broad violet feature at ⬃3.15 eV.
共Curve 3兲 Subsequent annealing in H plasma at 450 °C restores all violet
and UV features.

B. PL results

In Fig. 2, we present PL spectra taken at T⫽10 K and
10 mW/cm2 of incident power for different processing stages
of the sample. The spectrum obtained on the as-received
sample revealed well-known features in the violet and ultraviolet 共UV兲 range, such as a bound exciton band, a twoelectron satellite 共TES兲 band, and several phonon replicas
共curve 1兲. After remote plasma hydrogenation at room temperature for 30 min, the PL spectra 共curve 2兲 undergo significant changes. The integrated intensity of the bound exciton emission is weakened by a factor of ⬃3, the TES lines
are suppressed to about 4% of the initial intensity, and a
broad feature appears in the violet spectral region. Additional
changes occur in the bound exciton region but are not resolved in this figure. A remarkable change takes place upon
additional annealing of the same sample for 30 min at 450 °C
in the same H-plasma environment: the spectral features in
the violet and near-UV are completely restored 共curve 3兲.
Figure 3 shows the evolution of the PL spectra in the
near band edge region with higher energy resolution. The
as-received sample shows well-known PL features such as
bound and free exciton transitions 共solid line兲. For this
sample, the dominant emission features located in the bound
exciton range are the I 4 and I 8 lines18,26 at 3.363 and 3.359
eV, respectively. After room temperature remote plasma hydrogenation 共dashed curve兲, the intensities of the I 4 and I 8

peaks drop, the free exciton recombination is almost fully
suppressed, and another feature at 3.366 eV appears in the
bound exciton range. It is important to note that the intensity
ratio I 4 /I 8 almost doubles after hydrogenation, and the intensity of the 3.366 eV feature is about the same as the
intensity of I 8 . The significance of this result will be considered in Sec. III D.
We performed temperature dependent PL experiments.
For the as-received sample, the spectral evolution in the
range 10–300 K coincided with what has been documented
before 共see, for example, Ref. 18兲. However, after room temperature plasma hydrogenation, almost all violet/near-UV
features acquire significantly different temperature dependences. These changes are illustrated in Fig. 4, which compares PL spectra of the as-received and hydrogenated surfaces at 90 K. The spectrum of the as-received sample is

FIG. 4. 90 K PL spectra in the violet/near UV region, incident power—
10 mW/cm2 . 共Solid line兲 For the as-received sample, the dominant FEx
peak is at 3.374 eV. The BEx at 3.360 eV is relatively weak. 共Dashed line兲
RT-hydrogenated sample. The FEx peak is suppressed, and the dominant
peak at 3.360 eV is a BEx emission. Clear violet luminescence is present.
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FIG. 5. Effect of incident power variation on the intensity of the violet
emission. 10 K PL spectra of the RT-hydrogenated were taken at two different incident laser intensities: 10 mW/cm2 共solid line兲 and 1 W/cm2
共dashed line兲. The latter spectrum was multiplied by a factor of 0.03 to
juxtapose with the former. This figure demonstrates that the violet feature is
more pronounced at lower laser intensities.
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FIG. 6. Effect of hydrogenation on PL emission in the visible range. For the
as-received sample, the green emission is increasing at low temperatures
共left half兲. In the RT-hydrogenated sample, the visible spectrum is reshaped
at low T, so that upon H-plasma treatment, the green emission is passivated
and the visible luminescence is predominantly violet 共right half兲. All spectra
shown were taken with an incident intensity of 0.1 W/cm2 .

dominated by the 3.374 eV peak, which is usually attributed
to a free 共or a weakly trapped10兲 exciton recombination. The
bound exciton peak band at 3.360 eV is relatively weak.
After hydrogenation, the bound-exciton peak dominates the
spectrum at 90 K, while the free-exciton transition is practically unobservable. We can see the distinct broad violet
emission as well.
It is worth mentioning some important observations regarding that violet feature. It is relatively broad and is centered at approximately 3.15 eV. It is removed by a subsequent remote plasma hydrogenation at 450 °C 共see Fig. 2兲.
Temperature dependent PL experiments indicate that it is
more prominent at relatively low temperatures. Furthermore,
this emission is less pronounced at higher laser intensities.
The latter statement is illustrated in Fig. 5, in which we
superimpose the 10 K PL spectra of two room-temperaturehydrogenated samples, in which the PL excitation intensity
has been varied by 2 orders of magnitude, respectively.
PL results for emission in the visible range are shown in
Fig. 6. Room temperature spectra in the visible range of the
as-received and hydrogenated samples are very similar. They
contain two distinct contributions: from the broad green
band, related to deep-defect luminescence, and from a blue/
violet feature, associated with the rising edge of the nearband transitions. At low temperatures, the only change occurring in the as-received sample is an increase in emission
intensity. At the same time, in the hydrogenated sample, the
visible spectra change shape significantly at low temperatures. Hence, when one compares PL spectra taken at 9 K of
the as-received sample and the hydrogenated sample, the difference is substantial; upon hydrogenation, the green emission is eliminated and the violet emission dominates the visible part of the spectrum.

energy version of the depth-dependent CL spectroscopy. It is
based on the dependence of excitation depth on electron
beam energy, which increases on a keV scale. Figure 7 illustrates quantitatively the calculated relation between the electron beam energy and the depth of maximum electron–hole
pair creation U 0 for the atomic and nucleon number and
density values of wurtzite ZnO.
Displayed in Fig. 8 are room-temperature LEEN spectra
for the as-received sample and the samples hydrogenated at
room temperature and at 450 °C, respectively. The electron
beam energies were 0.5, 1.0, 2.0, and 3.0 keV. For the wurtzite ZnO crystal, these accelerating energies correspond to
U 0 ’s values of ⬃3 – ⬃30 nm, as indicated in the graph. As
one can see, room temperature hydrogenation increases the
CL emission intensity, and this increase is most pronounced
in the violet/near-UV range. The changes are also stronger
close to the free surface of the specimen 共dashed curves兲.
Subsequent post-hydrogenation at 450 °C restores the inten-

C. Low energy electron nanoluminescence results

FIG. 7. Calculated dependence of the maximum energy dissipation depth
U 0 on the electron beam energy for wurtzite ZnO. The depth of excitation
increases on a scale of tens of nanometers with electron beam energy increasing on a kiloelectron-volt scale.

Further results were obtained employing low energy
electron nanoluminescence 共LEEN兲 spectroscopy,27 a low-
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FIG. 9. Comparison of the temperature evolution of the peak position 共top兲
and intensity 共bottom兲 for the I 3 emission in the as-received sample
共squares兲 and its counterpart in the RT-hydrogenated sample 共circles兲. Incident intensity—0.1 W/cm2 . In the temperature range 10– 45 K, the I 3 peak
position remains more than 1 meV above its equivalent in the H-plasma
treated sample. The latter exhibits a distinct thermal quenching behavior,
with an activation energy of a few meV.

FIG. 8. Room temperature LEEN results for the four different sets of the
electron beam parameters. Corresponding values of the depths of maximum
energy absorption U 0 are given in parentheses. 共Solid curves兲 Band edge
and green emissions are observed for all the penetration depths. 共Dashed
curves兲 Room temperature remote plasma hydrogenation increases emission
in the visible and UV ranges. This increase is greater in the blue–violet
range and is most pronounced near the free surface, which suggests a characteristic hydrogen diffusion depth. 共Dotted curves兲 Subsequent annealing
restores prehydrogenation violet–UV features.

sity of the blue/violet emission 共dotted curves兲, which is consistent with the PL results, described above.
D. Discussion

Controlling shallow donors, i.e., the contributors to the
n-type conductivity in nominally undoped crystals, remains a
major challenge in modifying the properties of ZnO. To effectively remove or passivate them in an effort to obtain
robustly p-type material, an unambiguous understanding of
their nature must be attained. Recent strong evidence has
linked shallow donors with the presence of hydrogen in
ZnO.14 –22 Results reported herein 共see also Ref. 28兲 support
this scenario and add further insight. For example, Fig. 3
shows an increase of the I 4 /I 8 intensity ratio as a result of
remote plasma hydrogenation. Previous studies1,18,23,29–31
have attributed I 4 to an exciton bound to a shallow donor,
while I 8 has been assigned to an acceptor-bound exciton.18,32
The relative increase of the I 4 peak is consistent with the
incorporation of hydrogen as a donor. In Refs. 1, 29, and 31,
it was reported that this bound-exciton peak has been suppressed after annealing. We have processed those same
samples with the remote H-plasma treatment as well, and the
I 4 has reappeared. These studies are currently in progress
and details will be reported in a separate article. The strong

dependence of the I 4 intensity on the presence of hydrogen,
described above, indicates a convincing connection between
the I 4 line, shallow donor, and a hydrogen-related impurity.
Figure 3 also shows the appearance of another feature at
3.366 eV as a result of the hydrogenation procedure. At 9 K,
the intensity of this peak is comparable to that of I 8 . For the
as-received sample at 9 K, there is a weak feature apparent at
⬃3.367 eV, which is the I 3 peak 共e.g., Ref. 26兲. It seems
natural to assume that the 3.366 eV feature observed after
hydrogenation is the shifted I 3 peak, unless one considers the
thermal quenching behavior. In Fig. 9, we present a comparison of the temperature evolution of the peak intensity and
position for the I 3 emission 共as-received sample兲 and the
3.366 eV feature 共hydrogenated sample兲. In the temperature
range between 10 and 45 K, the 3.366 eV peak retains the
⬃1 meV difference with the I 3 peak position, and, more importantly, exhibits a distinct thermal quenching response. A
simple analysis of this peak indicates an activation energy of
just a few meV, whereas the I 3 peak reveals a more complex
behavior, with rising and falling edges of the curve. At the
moment, the information we have is insufficient to speculate
on the origins of this 3.366 eV emission peak. The small
activation energy makes it very distinct from other bound
excitons. Recently, there was a report of two donor states,
MuI and MuII , found in ZnO as a result of muon
implantation.33 The authors suggested that the MuII state,
with an activation energy of tens of meV, is due to a donor
located at the bond-center site BC储 , in good agreement with
theoretical
predictions
and
infrared-absorption
experiments.14 –16 At the same time, the MuI center was
found to have an activation energy of only a few meV, and
was attributed by the authors to the antibonding ABO, 储 site.
Figures 5 and 6 illustrate changes occurring in the visible and near-UV PL emission as a result of hydrogenation.
There is a clear evidence of two competing types of emission: green and violet. The green emission band has evoked
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a long, and still unresolved, debate on its nature. The most
common components discussed are VZn , 34,35 VO , 36,37 and
Cu.38 It was mentioned above that the violet emission appears in our hydrogenated samples mostly at low temperatures and low laser intensities, conditions under which the
green emission is fully suppressed. Several groups8 –10,14
have reported previously on the suppression of the green
band as a result of applied hydrogen plasma. They have suggested a model in which green-emission centers are passivated by hydrogen. In particular, it was proposed14 that those
centers are VZn acceptors that form VZnH2 complexes upon
hydrogenation. If we assume relevance of this ‘‘two-atom
passivation’’ model, then the observed violet emission can be
explained by the presence of another radiative recombination
center 共possibly related to a different native defect兲 with a
smaller recombination efficiency and low saturation levels.
Emission via ‘‘violet centers’’ may occur when most of the
green centers are passivated, and when the low laser intensities allow observation of those still relatively unsaturated
levels. Defect levels consistent with the position of the violet
band should be ⬃0.2– 0.3 eV deep. Some native defects with
similar transition energies have been suggested by numerous
authors 共e.g., Oi ).39 It should be mentioned, that the violet
luminescence at energies close to 3.15 eV has been communicated before40– 44 for ZnO specimens grown and processed
with various methods. In particular, a competition between
the green and violet emissions was reported in Ref. 44, although the authors have attributed it to a temperature-driven
change in stoichiometry.
Remote hydrogen plasma also suppresses free-exciton
recombination and significantly reduces TES line intensities
共see Figs. 2, 3, and 4兲 in the low-temperature PL spectra.
Those phenomena have been consistently observed for all
the hydrogenated samples studied. An explanation for this
behavior has yet to be provided.
Importantly, most of changes in the violet/UV luminescence described above are removed by a subsequent hydrogen plasma treatment at 450 °C 共see Fig. 2兲. It should be
mentioned that these results showing the reversible effects of
hydrogen annealing are reproducible from sample to sample.
This return of the UV/violet emission to its initial intensity
upon annealing can be explained by the outdiffusion of hydrogen. Hydrogen outdiffusion has already been observed
and reported13,45 for H implants in ZnO. Because of the observed reversibility, we argue that the spectral changes are
unlikely to be caused by any contamination from the chamber walls. Rather they must result from the hydrogen plasma
itself.
Room temperature LEEN results 共Fig. 7兲 agree with our
PL comments and provide additional information on the nature of hydrogen incorporation. Low excitation levels
(⬃10 mW/cm2 ) allow observation of violet emission in the
hydrogenated samples. Indeed, comparing the spectra of the
as-received and room temperature 共RT兲-hydrogenated
samples, one can see a relative increase of the CL signal
primarily in the violet/near UV range. The effect is observed
to propagate to depths exceeding our probe depths
(⬃90 nm for a 3 keV primary electron beam兲. This is consistent with the secondary ion mass spectrometry studies7
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showing rapid diffusion of hydrogen in ZnO. The depth dependence observed with LEEN on our samples suggests a
somewhat larger characteristic diffusion length for hydrogen
compared to the one reported for direct H-plasma
processing.11
The increase of the green emission at the surface upon
RT hydrogenation can be accounted for by an increase of the
near-surface concentration of the damage-related green emission centers. Our AFM images indicate 共see Fig. 1兲 that the
hydrogen plasma produces a certain amount of surface degradation. On the other hand, an increase in the effective area
of the free surface enhances somewhat the probability of
hydrogen incorporation. This may explain the relatively
greater increase of the violet signal in the 0.5 keV LEEN
spectra.
Subsequent H-plasma annealing at 450 °C reduces the
emission in the violet–UV range, also consistent with our PL
observations 共cf. Fig. 2兲.
IV. SUMMARY

We have found that a remote hydrogen plasma treatment
at room temperature induces significant changes in the luminescence properties of ZnO. The results presented here are
consistent with the picture of hydrogen diffusing into and
reacting with the material. In particular, there is a strong
correlation observed between the presence of hydrogen and
the intensity of the spectral features, such as the I 4 boundexciton line, commonly attributed to shallow donors. These
observations could be important for both fundamental and
applied domains. Clarification of the nature of the prevalent
n-type conductivity and control of the shallow donors should
be useful for engineering the optoelectronic properties of
ZnO. We have also reported on a strong effect produced by
the hydrogen plasma in the visible spectral range—
suppression of the green luminescence and an ensuing shift
of the visible emission into the violet. This result alone could
yield potential applications. We suggest that the reversibility
of the PL and CL spectra, induced by the postannealing, is
due to the outdiffusion of hydrogen and indicates possible
ways to control the optical parameters of ZnO.
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